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CATALYTIC CARBONYLATION OF IHREE 
AND FOUR MEMBERED HET1BROCYCLES 

Cross-Reference to Related Application 

Tills application claims the benefit of U.S. Provisional Application No. 
60/336, 170, filed December 6, 2001, the whole of ^ch is incorporated herein by 
reference. 

Field of the Invention 

This invention is directed to catalytic carbonylation of epoxides, aziridines, 
thiiranes, oxetanes, lactones, lactams and analogous conqiomids. 

Backforound of the Inveation 

Poly((i?)-P-hydroxybutyrate), ie., i?-PHB, a naturally occurring thermoplastic 
polyester, shares many of the physical and mechanical properties of poly(propylene) but 
unlike polypropylene is biodegradable. Despite proven properties and ready 
applications, industrial production of RrFHB as a bulk polymer u^g biological methods 
has, to date, proven economically non-viable. Potential alternate synthetic routes to this 
pronu^g polymer include Baeyer-Villiger oxidation of an isotactic propylene/carbon 
monoxide copolymer, asymmetric hydrogenation of the unsaturated polyester firom ring 
opemng polymerization (ROP) of ketene dimer, and ROP of (i?>p-butyrolactone (R- 
BBL). Tlie first two routes involve post-polymerization modification of a polymer 
backbone, a difficult and imreliable task. The third route uses the provm technology of 
lactone polymerization but presently the starting material /?-BBL is not a readily 
available commodity such as would be required for commercial polymer production. 
Thus, for commercial production of i?-PHB by the third route, there is a need for an 
efficient, effective, inexpensive process for producing ii-BBL. 



WO03/0S01S4 



PCTAJS02/36140 



-2- 

The approach with the most promise for producing R-BBh is the catalytic 
synthesis of /2-BBL fromii-prop^d^e oxide and carbon monoxide. /i-Propjlene oxide 
is readily available through Jacobsen's hydrolytic kinetic resolution as desciibed in 
Tokimaga, M. • et aL, Science 277, 936-938 (1997). 

Drent, E., et aL European Patent Application No. 0577206 is directed to a 
process for the carbonylation of e^^oxides by reaction with carbon monoxide at elevated 
pressure and temperature in the presence of a catalyst system comprising a source of 
cobalt and a hydropsy substituted pyridine compound Data is presented in Exanq)le 5 of 
European Patent Application No. 0577206 where reaction pressurized to 60 bar carbon 
monoxide at 75*'C for 6 hours, is indicated to give 93% conversion of propylene oxide 
with a selectivity of gieater than 90% into P-butyrolactone (BBL). However, Lee, T. 
L., et al, J. Org. Chem 65, 518-521 (1999) and inventors herem were unable to 
produce the results of Drent and rather obtained low (15%) yields of BBL and 
sigoificant amounts of undesired ohgomeric by-products. 

Lee, T. L., et aL, J. Org. Chem. 64, 518-521 describes the carbonylation of 
propylene oxide using 900 psi CO at SO'^C m dimethoxyethane using a mixture of 
[Ph3P=N=PPh3][Co(CO)4] and BFj^EtO as a catalyst to obtam a yidd of 77% BBL 
(some a-meth^-P-propiolactone also was produced) in a 24 hour reaction. This result 
leaves room for consideration of other catalyst systems. 

Summarv of the Invention 

It has been found herein that the catalytic activity of the catalyst system used for 
carbonylation of epoxides is mediated by modification of the cation therdn and that use 
of a cationic Lewis add as the cation in the catalyst system provides a novel approach. 
While the BF3 in the catalyst of Lee et aL is a Lewis acid, it is a neutral Lewis add. The 
cation in the Lee et aL catalyst system is [Ph3P=N=PPh3]'*' which is not a Lewis acid. It 
is possible that a cationic Lewis acid is formed in situ in the reaction described in Drent 
et aL European Patent Application No. 0577206. The instant invention does not 
embrace the Drent et aL catalytic system or any catalyst formed there&om and in one 
subset embraces only formation of cationic Lewis add extrinsic to the carbonylation 
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reaction and chargmg substrate and catalyst and tixen reacting vA!th carbon monoxide 
underpressure. 

In a preferred embodiment herein, the catalyst system provides very high yields in 
short reaction time (e.g., yields greater than 95% BBL or 7?-BBL in less than 2 1/2 
hours). 

Furtheimore, it has been found that the catalyst system herein is usefijl not only 
for caibonylation of i?-propylene o?dde and propylene oxide but also for carbonylation 
of analogs of these and also for caibonylation of corresponding four membered 
heterocycles. BBL and said caibonylation products of analogs may be polymerized to 
form polymers which may be used as additives to ii-PHB to modify the properties 
thereof Furthermore, resulting chiral lactones, lactams, thiolactones, y-lactones and 
anhydrides, etc. are usefid in organic synthesis. 

An invention of one embodiment herein, denoted the first embodiment, is 
directed to a process for carbonylation of a compound having the fomacola: 



Ci"-Cioo.ooo-alkyl, Q-Cjocooo-alkenyl and C^ioo.ooo-aryl, where the attyl, alkenyl and aiyl 



are optionally substituted with halog^ or ben2yl ether, and aDcylaryl, ester, ketone, 
alcohol, add, aldehyde, amide and tosyl containing fi-om 1 to 20 carbon atODM, and 
benzyl ether, alkyl substituted silyl ether vAere the ether group is C^-Cg alkylene and 
where the alkyl substitution consists of one to three C^-Cfi alkyl(s) substituted on silyl, 
and any other functionality that the catalyst referred to below is tolerant o^ and where 
where and R4 can join to form a ring, and X is selected fi'om the ffovap consisting of 
O, S and NR^ where R5 is selected from the group consisting of hydrogen, 



Ci-C,oo,ooo-alkyl, Cj-Cioo^ooo-alkenyl and C^ioo,oo(raiyl i^diere the alkyl, alkenyl and aryl 




(I) 



where R^, R^, R3 and R4 are selected firomthe group consisting of hydrogen, 
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are optionally substituted with halogen or benzyl ether, and alkylaiyl, ester, ketone, 
alcohol, add, aldehyde, amide and tosyl contaming from 1 to 20 carbon atoms and 
benzyl ether, alkyl substituted silyl ether where the ether group is Ci-C^-alkylene and 
where the alkyl substitution consists of one to three Cj-Q alkyl(s) substituted on silyl, 
and any other ftnctionality that the catalyst referred to below is tolerant of and does not 
cause reanangement and where n is 0 or 1, and Y is C=0 or CHj, said process 
comprising the step of reacting compound (I) with carbon monoxide in the presence of a 
catalytically effective amount of catalyst having the general foimula [Lewis 
acid]^{[QM(CO)J^}y where Q is any ligand and need not be present, M is a transition 
metal selected from the group consisting of tranation metals of Groups 4, 5, 6, 7, 8, 9 
and 10 of the periodic table of elements and z is the valence of the Lewis acid and ranges 
from 1 to 6, w is the charge of the metal carbonyl and ranges from 1 to 4 and is usually 
1, y is a numb er such that w times y equals z and x is a number such as to provide a 
stable anionic metal carbonyl for {[QM(CO)J*^}y md ranges from 1 to 9 and typically 
from 1 to 4, to form a product having the structural formula: 



foimmg a ring if that is the case for (I), and m the case where n for (I) is 0, n for (D^ 
is 0 or 1, and in the case where n for (I) is 1, n for (D) is 1; said catalyst exctodmg 



The alkyls include branched as well as straight chain alkyls. 
CrCioo.000 alkyl, Ci-Cioo.000 alkenyl and C^-Ciocooo aryl used in the definition of R^, Rj, R3, 
R4 and R5 allow for the heterocycles being pendant to polymers; where the heterocydes 
are not pendant to polymers, the range fer alkyl can be, for exanople Ci-Cm, the range 




catalyst formed fr om the combination of a cobalt source and a hydroxy substituted 
pyridine. 
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for alkeayl can be, for exainple, CJj-C-m, and the range for the aiyl can be, for exanq^le. 

Hie term ^lialogen" inchides iSuoriae, chlorine, iodke and bromme. 

Hie term ""any other functionality that the catalyst referred to below is tolerant 
of is used herein to mean that the functionality can be present without causing the 
catalyst to be inactive. 

He term "does not cause rearrangement" excludes the case where one or more 
moieties, particularly R^, become part of or the ring that is formed, e.g., in the case 
where R5 is benzoyl as is demonstrated below, or otherwise change the order of 
connectivity mherent ia the startiag heterocycle excludmg the msertion of C=0 
fimctionality as de&ied above. 

The term "such as to provide a stable anionic metal carbonyl for 
{[QM(CO)J'^}/*is used herein to mean that {[QM(CO)J^)y is a spedes 
characterizable by anafytical means, 6.g., NMR, IR, X-ray ctystallograpfay, Raman 
spectroscopy and/or electron spin resonance (EPR) and isolable m catafyst form as the 
anion for a Lewis add cation or a spedes foimed in situ^ excludmg those that may resub; 
from the combination of a cobalt source, carbon monoxide and hydroxy substituted 
pyridines as set forth in Drent et aL European Patent Application No. 0S77206. 

In a subset of the inv^tion of the first embodiment of the invention herein, at 
least one of Rj, R^, Rs and R4 is not hydrogen. 

In the subset of the first embodiment of the invention where n for (I) is 0 and n 
for (n) is 1, epoxide or analog is doubly carbonylated, arriving at the resuhant anhydride 
or analog without the necessity of isolating the intermediate lactone or analog, thus 
providing a so called "one pof reaction. 

In a subset of the invention of the first embodiment of the invention herein, the 
catalyst is added catalyst, ie., is not formed in situ m the carbonylation reaction. 

A preferred catalyst has the stmctural formula: 
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^ere So is testrahydrofiiran and TBu is t-butjd and M is Al or Cr. This catalyst where M 
is Al is referred to herein as Catalyst (G). 

Another preferred catalyst has the structured formula: 




(VII) 



where THF is tetrahydrofiiran and *Bu is t-butyl and M is Al or Cr. This catalyst where 
M is Al is referred to as catalyst (E*). 

Still another preferred catalyst has the structural formula: 



•Co(CO)4 



(X) 



where So is tetrahydrofiuan and 'Bu is t-butyL This catalyst is referred to as catalyst 
(H). 

StiH another preferred catalyst has the structural formula: 




(XI) 
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ivhere So is tetrahydrofuran and Fh is pbenji This catalyst is referred to as catalyst (J). 
Stin another preferred catalyst has the stmctuial foimula: 




"where M is titanium ^th a valence of three. This catalyst is referred to as catalyst (G^). 
Still another preferred catafyst has the structured formola: 




"where M is samarium Vidth a valence of three. This catafyst is referred to as catalyst 
((?)■ 

Another embodiment of the invention denoted the second embodhnent is directed 
to the case. where the compound carbonylated has the structural formula: 




where Ph is phenyl, and the process comprises flie step of reactmg conopound (XI) with 
carbon monoxide m the presence of a catalytically effective amount of catalyst having 



wo 03/050154 



PCT/US02/36140 



-8- 

the general fonmila [Lewis acidr{[QM(CO) J^y where Q is any Kgand and need not 
he present, M is a transition metal selected from the group consisting of transition metals 
of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic tahle of elements and z is the valence of 
the Levsds acid and ranges from 1 to 6, w is the charge of the metal carbonyl and ranges 
froml to 4, and y is a number such that w times y equals Zand X is a number such as to 
provide a stable anionic metal carbonyl for {[QMCCOXJ'^jy and ranges from 1 to 9 and 
typically from 1 to 4, to form a product which con^rises a mixture of. < 




The compound (XI) has the stractural fomnila (I) where n is 0, X is NR^ and R5 is 
benzoyl In this case R5 participates in rearrangement \\4iereby the carbonyl of Rj 
becomes part of the ling of the product and the Ph of R5 becomes directly bonded to the 
ring of the product. 

A third embodiment of the invention is dfrected to novel catalysts usefiil for 
carbonylation reactions of the first and second embodiments of the invention. 

One genus of novel catalysts for the fliird embodiment conq)rises compounds 
having the structural formula: 




where *Bu is t-butyl and M is Al or Cr and So is a neutral two electron donor. A 
preferred catalyst of ibis genus has the structural formula (V) where M is Al and the 
neutral two electron donor is tetrahydrofirxan and is refered to as catalyst (G). 
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Another genus of novel catalysts for the third embodimeat coioprises con;)ou]ids 
havkg the structuial fonuula: 

*Bu So 




(vm) 



where %u is t-butyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the structural formula (Vm) v^ere the neutral two electron donor is 
tetrahydro&ran and is referred to as catalyst (B). 

Another genus of novel catalysts for the third embodiment conq)rises conq)ound5 
having the structural fonnula: 




^ere *Bu is t-butyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the formula (DC) vAier^ the neutral two electron donor is tetrahydrofuran and 
is referred to as catalyst (F). 
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Also induded in the tbird embodimmt is the conq)oimd having the structural 
formula: 




(VH) 



where *Bu is t-butyl, THF is tetrahydrofiiran and M is AL This conipound is referred to 
as catalyst (E^). 

Another genus of novel catalysts for the third enabodiment conq)rises coni^ounds 
having the structural formula: 




vAiesre *Bu is t-butyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the structural formula pQ where the neutral two electron donor is 
tetrahydrofuran and is referred to as catalyst (H). 

Still another genus of novel catalysts for the third embodiment comprises 
compounds having the structural formula: 
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wiere Ph is phenyl and So is a two electron donor. A preferred catalyst of tbis genus 
has the structural formula (XI) where the neutral two electron donor is tetrahydrojRiran 
and is referred to as catalyst (J). 

Further vaiiatiou of metal and ligaud architecture will be obvious to those skilled 
ia the art. 

Brief Description of the Drawmgs : 

FIG. 1 shows NMR data for Catalyst (G); the y-axis for the figure is arbitrary 
intensity. 

Detailed Description : 

We turn now to the con[5)ound to be carbonylated in the first embodiment which 
has the formula: 



Ci-Cioo.ooo-aD5yl Cj-Cjoo^ooo-alkenyl and CrC^^ootrtayl, where the alkyl, alkenyl and aryl 
are optionally substituted with halogen or benijd ether, and alkylaiyl, ester, ketone, 
alcohol, aidd, alddiyde, annde and tosyl containing firom I to 20 caibon atoi^ 
benzyl ether, allqi substituted sfliyl ether vAere the ether group is CrCg alkylene and 
Tvdiere the aDqd substitution conasts of one to three Cj-Q alkyl(s) substituted on sfljd 
and any other fimctionality that the catalyst referred to below is tolerant o^ and where 

and R4 can join to foim a ring and X is selected fi om the group consisting of O, S and 
NR^ where R5 is selected fi^om the group consisting of hydrogen, Ci-Chm, 000-aIkyl, Cj- 
Cioo,ooo-^enyl, and C^H^ioo^ooo-aiyl where the alkyl, alkenyl and arjl are optionally 
substituted with halogen or benzyl ether, and alkylaiyl, ester, ketone, alcohol, add, 
aldehyde, amide and tosyl containing fi om 1 to 20 carbon atoms, and benzyl ether, alkyl 
substituted silyl ether where the ether group is Ci-C^-alkylene and where the alkyl 




where Rj, R^, Rg and R4 are selected fi-om the groiqp consisting of hydrogen. 
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substitutioa consists of one to three Cj-Q alkyl(s) substituted on silyl, and any other 
fbnctionality that the catalyst referred to below is tolerant of and does not cause 
rearrangement and ^ere n is 0 or 1, and Y is C=0 or CH^. 

We turn now to the examples of compound (I) where n is 0 and X is O, ie., 
which are epoxides. The confound (I) of most interest herein is R-propjdene oxide, Le., 
conq) ound (I) where XisOandRiisHjR^isHRais (R>-Me and is H, smce 
carbonyiation of that conq)Ound herein provides R-BBL. Other monocyclic epoxide 
conopounds (I) herein include, for example, ethylene oxide (conqjound (I) where n is 0 
and X is O and RiisHR^isHR^isH and R^ is H), propylene oxide (coitq)Ound (I) 
iJvhere nisOandXisOandR^isHRjisHRsisMeandR^isH); 1-butene oxide which 
also may be named 1,2-epDxybutane (compound (I) vs^ere n is 0 and X is O and R| is 
R2 is H, R^ is £t and R4 is H); 1-heptene oxide (conq)ound Q) where n is 0 and X is O 
and RiisH^RjisH^Rais CJELn and R4 is H); isobutylene oxide (conq)ound (I) vAicre n 
isOandXisOandRjisH^R^isH^RgisMe and R4 is Me); 2,3-epoxybutane 
(conq)Ound (I) wherenis 0 andXis O and R, is H, R^is Me, Rg is Me and R4 is H); 
epichlorohydrin (confound (I) ^A&eren is 0 andXis 0 andR^ isH, R^isH, R9 isCHjCl 
and R4 is H); and epibromohydrin (confound (I) where n]sOandXisOandR|isH,R| 
is H, R3 is CHjBr and R4 is H); l,2-epox7-S-h^ne (conipound (I) vAycrt n is 0 and X is 
OandRiisH,R2isH,R9isHandR4is-(CH2)2CH<:Hi); and benzyl glycidyi ether 
vMch has the formula: 

ie., compound (I) where RjisHR^isHR^is CKfiCH^Ph and R4 is H. Exan5)les of 
bicyclic epoxides for compound (I) include, for exanq>le, cydohexene oxide (con:Q)pund 
(I) where R^ is H, R3 is H, and and R4 form -(CHj)-4, cyclopentene oxide (confound 
(I) where R^ is H, R3 is H and R^ and R4 form -(CB^-y cyclooctene oxide (conq)Ound 
00 where R,i5H,R3isHandR2andR4 form -(CHj)^) and cyclododecene oxide 
(compound (I) where R^ is H, Rg is H and R^ and R4 form -(CHjJio-). These monocyclic 
and bicyclic epo?ddes are all available conmxercialfy. 
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Wetumnowtoexan^les of compound (I) where n is 0 and X is MR, A^ere R5 
is selected from the group consisting of Ci-C,oo^ooo-alkj^ Cj-Cjoo^oW^J'^c'^yl ™d 
C^ioo^ooQ-aryl, where the alkyl, alkenyl and aiyl are optionally substituted with halogen 
or benzyl ether, and alkylaryl, ester, ketone, alcohol, aci4 aldehyde, anoide and tosyl 
containmg from 1 to 20 carbon atoms and benzyl ether, alkyl substituted silyl ether 
M^iere the ether groiqp is Ci-C^-alkylene and where the alkyl substitution consists of one 
to three C^-C^ alkyl(s) substituted on silyl, and any other fimctionahty that the catalyst 
referred to below is tolerant of and does not cause rearrangement. These conq)ounds 
are aziridines. These iaclude etbyl ethyleneimine, also denoted 2-ethyk2iridine, 
(compound (I) where n is 0 andXis NH, RiisH,R2isH,R3is Et and R4 is H) which is 
commercially available. Other aziridines useful herein, which are coromercially available, 
are listed in Aldrichimica Acta 2001, 34(2); these are cis-2,3-dq)henyl-l-propyla2iridine; 
trans-2,3-dq)henyl-l-propylaziridine; cis-l-isopropyl-2,3-d^henyla2iridine; trans- 1- 
isoprop3d-2,3-diphenylaziridine; 2-methylaziridine; cis-l,2,3^tnphenyla2aridine; 1* 
azridineetihianol; 1-benzyl 2-methyl (S)-(-)-l,2-a2iridinecarboxylate; (SH+)-2-benzyH- 
(p-totylsulfonyl)azfaidme; methyl (S)-(-)-l-trit^-2-aziridinecarboxylate; and 
trimetliylolpropane tris(2-methyl-l*aziiidinepropionate). Another aziridine useful herein 
is l-ben:^-2-methylaziridine, Le,, confound (I) where n is 0 and X is NCHj (Cfi^X ^1 
isH,R2isH,R3isHandR4is Me; this compound can be made as described in Kotti, 
M.E., et al, J. Ahl Chem. Soc. 118, 111-116 (1996). Still another azhidineusefiil herein 
is 7-ben2yl-7-azabicyclo[4. 1 .0]heptane; Le., compound (I), vAere n is 0 and X is 
l^lCH^iC^U^X is H, 1^ is H and R2 and R4 are Hnked by -(012)4-; con5)ound is 
made in Background Exanq)le 1 hereinafter. Still another aziridine useful herem is 1- 
tosyl-2-methyla2ridine (compound (I) where X is liOSi^O^CjUQ, R, isH^RiisHjRais 
H and is Me; this compound is made is Background Example 2 hereinafter. Still 
another aziridine usefiil herem is ds- l-benzyl-2-(tert-butyldimethylsi]yloxymethyl)-3 
aziridine (compound (I) where X is NH, Rj is CH2C5H5, R^ is H, R3 is H and R4 is 
CH20Si(CH3)2[C(CH3)3]; this compound is made as described in Piotti, M.E., et al., J. 
Am. Chem Soa 118, 111-116 (1996). Other aziridines useful herein are available 
through well established synthetic routes, for exanople, from epoxides via img opening 
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with a pximaiy atnme and ring closure with efhyl diazoacetate or from alkanes vdtli Kr 
N=N-R using a copper catalyst. 

We turn now to examples of compounds (I) where n is 0 and X is S. Tbese 
compounds are thiiranes. Thiiranes useful h&cem that are commercially available include 
al^hatic thiiranes that are commerdaUy available in gram to kilogram quantities^ e.g., 
propyleae sulfide, epithiochlorohydiin and isobutylene sulfide. A number of other 
functionality substituted (Le., esters, acids, amides, ketones, etc.) thiiranes are also 
available although many of those only in sub-gram quantities. 

We turn now to examples of compoimds (I) wdiere n is 1 and X is O and Y is 
CHj. These compounds are oxetanes. An oxetane useful herein has the structure (I) 
where n is 1 and Y is CH^ and R^, R2, R3 and R4 are H and is denoted oxetane and is 
available coimnerciaQy. Other oxetanes are commercially available or can be made by 
standard procedures in the chemical literature. * 

We turn now to examples of confounds (I) where X is O , n is 1 and Y is DO. 
These compounds are lactones. Lactones usefiil herein inchide those having the 
structure (I) v^diere XisO,nislandYis C=0 where Rj, R3 and R4 are H and Rj is Me, 
Et or CCI3 or v^ere R^, R2 and R4 are H and R^ is Me or Ph; fliese confounds are 
available commercially. Other lactones can be made by the process described herem or 
as described m references cited in Mahadevan, V., et al, Angew. Chem. M. Ed. 41, No. 
15, 2781-2784 (2002) and Getder, Y. D.Y.L., et al, J. Am. CkeoL Soc. 124, No. 7, 
1174-1175(2002). 

Wetumnowto exanq>les of con:Q)ounds (I) where X is NR5, n is 1 andYis 
C=0. These compomids are denoted lactatns. These conq)ounds'are commercially 
available or can be made by the process outlined herein or by other processes described 
in the chemical literatme. 

Compounds (J) where X is NR5, n is 1 and Y is CH^ are azetidines. The 
coDopound where R3 is H, n is 1, Y is CHj and R^, R^ R^ and R4 are H is commercially 
available. Others can be synthesized. 

Compounds 00 v^diereX is S,n is 1 andYis 0=0 are thiolactones. Synthesis of 
some of these can be carried out as described in the chemical literature. 
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Compounds (I) where X is S, n is 1 and Y is CHj are thietanes. The componnd 
where X is S, n is 1 , Y is CHj and R^, R^, R3 and R4 are H, is commerciany available. 
Others can be synthesized. 

We turn now to the processing conditions for the method of the first 
embodiment, ie., the step of reacting the compound (I) with carbon mono^dde m the 
presence of a catatyticaDy effective amonnt of catalyst havmg the general formula [Lewis 
acid]'^{[QM(CO)J'^}y where Q is any ligand and need not be present, M is a transition 
metal selected from the group consisting of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic 
table of elements, z is the valence of the Lewis acid and ranges from 1 to 6, for exan5)le 
is 1 or 2, wis the charge of the metal caibonyl and ranges from 1 to 4 and usually is 1 
and y is a number sudi that w times y equals 2, and x is a number such as to provide a 
stable anionic metal carbonyl for {[QM(CO)J^}y and ranges from 1 to 9 and typically 
from 1 to 4. 

The reaction^eguatiori is: 




where R^^ R^, Rg, R4, X, Y and n are as defined above. 

The reaction is carried out at a ten^erature ranging from 0 ''C to 120 ° C, 
preferably from 40 to 80**C. 

The mole ratio of CO to compound (1) should be at least 1:1 because of 

stoiduometry. 

The reaction can be driven by a high concentration of CO. One way of 
acconq)lishing a higji concentration of CO is to use high pressure CO, ie., an amount of 
CO to iwpm a pressure ranging from 100 to 10,000 psi, preferably from 75 to 1,200 
psL 

We turn now to the reaction catalyst. As mdicated above, Ae reaction catalyst 
has the general formula [Lewis acidr{[QM(CO)J^}y >^ere Q is any Kgand and need 
not be present, M is a tranation metal selected from the group consisting of transition 
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metals of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic table of elements, z is the valence 
of the Lewis acid and is 1 or 2, w is the charge of the metal carbonyl and ranges from 1 
to 4 and usually is 1 and y is a number such that w tunes y equals z and x is a nunaber 
such as to provide a stable anionic metal carbonyl for {[QM(CO)J^}y and ranges from 
1 to 9 and typically from 1 to 4. 

As indicated above, the catalyst in one subset is referred to as added catalyst. 
The term "added'' means that the catalyst is formed extrinsic to the caibonylation 
reaction and is chai ged to the reaction before, during or after pressurization. 

We turn now to the [Lewis add]^, ie., to the cationic Lewis add portion of the 
catalyst. Ihe term ^'Lewis add" is used to mean an electron pair acceptor that can 
combine with a molecule or ion that is an electron pair donor forming eidier covalent or 
coordinative bond(s:), and the term ^^cationic Lewis add" is used to mean a Lewis add 
that ha5 one or mopd positive diarges. Preferably, the cationic Lewis add portion of the 
catalyst contains a cietal, e.g., aluminum or chromium, and a neutral two electron donor 
\;^ch is coordinath^ely or covalently bound to the metal The neutral two electron • 
donor has the function of filling the coordination valence of the cationic Lewis add. In 
the catafysts B, E*, F, G, H and J made herein, the neutral two electron donor is 
tetrahydrofuran (TflF) and is an artifect from the catalyst synthesis. Other neutral two 
electron donors for the cationic Lewis add portion of the catalyst besides THF, inchide, 
for example, diethyl ether, acetonitrile, carbon disulfide or pyridine. In the catalyst 
synthesis, the neutral two electron donor can be provided as the reaction solvent which 
can be added before or with or after the other reactants but is preferably added so as not 
to disturb the air free environment which is preferred for catalyst synthesis. Cationic 
Lewis acid portion of catalyst without a neutral two electron donor is also possible and 
can be provided by synthesLzing tihe catalyst hi a reaction solvent T^ch is not a neutral 
two electron donor providmg solvent or by heating catalj^ where the cationic Lewis 
portion of catalyst contains a neutral two dectron donor. . 

We turn now to the anionic portion of the catalyst ^ch is {[QM(CO)J'^}y 
vihw Q is any ligand and need not be presfflit, M is a transition metal selected from the 
ffoxxp consisting of transition metals of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic 
table of element^ z is the valence ofthe Lewis add and is I or2 ormore, wisthe 



wo 03/050154 



PCTAJS02/36140 



-17- 

r charge of ihe metal carbonyl and ranges firom 1 to 4 and is usually 1, y is a number such 
that w tunes y eqaals z and X is a number such as to provide a stable anionic ^ 
carbonyl fer {[QM(CO)J'^}y and ranges from 1 to 9 and typically from 1 to 4. When Q 
is not present, the metals of Groups 7 and 9 are preferred. Hie metals of Groiq) 7 
incbde, for example, manganese. The metals of Group 9 inchide cobalt, ihodium and 
iridium. A very preferred metal Mis cobalt. We turn now to the optional constituent Q 
v^ch is any ligand; the term 'ligand" is used to mean any discrete species that could 
have existence separate from the transition metal M Suitable constituents Q inchide, for 
exanq)le, tr^henylphosphine, cyclopentadienyl (Cp), andpentamethyl cydopeatadienyl 
(Cp*). ligated metal carbonyl anions are readily accessible, in one step through well- 
known chemistry, e.g., by reduction of CojCCO)^ which is commercialty available. 

The reaction catalysts are preferably formed in an air-free environment usmg 
standard glovebox and Schlenk-type techniques. 

The catalysts where w is 1 andy is equal to z and zis 1 are formed by the 
reaction of [Lewis acid>-X with [QM(CO) J-Y where X is any leaving group and Y is a 
moiety that will form a salt witih X or, alternatively, die catalysts where z ranges from 1 
to 6, for exanople is 1 or 2, are formed from a redox reaction of [Lewis acid"] and 
z/2Q2M2(CO)2« to foim [Lewis add ^"*'^*'{[QM(CO)J'}, where m is the oxidation 
state of the metal, z is both the valence of the Lewis acid and the number of anions 
assodated with it and ranges from 1 to 6, for ^san^le is 1 or 2, M is a tranation metal 
selected from the group consisting of ti-an^on metals of Groups 4, S, 6, 7, 8, 9 and 10 
of the periodic table of elements, and x is the number required to form a stable anionic 
carbonyl for {[QM(CO)J")^ Complexes of tiie type [QM(CO)J-Y can be made by the 
reduction of the anionic spedes [QM(CO) where Q, M and x are as defined fiir 
{[QM(CO)J"}^ The spedes [QM(C0)J2 in many cases are commercially available. 
Redudng agents include sodium amalgam and as described in Edgell, W. F., et ai, Ihorg. 
Chem. 1970, 9, 1932-1933, sodium hydroxide. This method was used in the synthesis of 
catalyst D (Catalyst Maldng 3, herdnafier). 
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Qae genus of preferred catafysts herein have the structure: 




Co(CO)4' 



(VD 



where M is a metal such that (VI) is stable vAxexo stable means that the catalyst remiains 
active for the course of the reaction. M can be, for exan:q)le, titanium with a valence of 3 
(catalyst (G^)), samarium with a valmce of 3 (catalyst (G^)), lanthanum with a valence of 
3 or hafiuum with a valence of 3. Catalyst (C?) can be made as described in Merola, 
IS., et aL Ihorg. Chem28, 2950-2954 (1989) as well as Merola, IS., et al, Inorg. 
ChinoL Acta 165, 87-90 (1989). Catalyst (C?) can be made as described in Evans, W. I, 
et aL, Jnorg. Chem. 24, 4620-4623 (1985) as well as, in Evans., W.I, et aL, I Am 
Chem. See 107, 941-946 (1985). Other catalysts (VI) can be made in corresponding 
fishion. 

Another catalyst herein is cata^ (G) described above. Hie synthesis of 
catalyst (G) is described in Catalyst Maldng Exanple 1 herdnafier. Catalyst (G) niay be 
referred to as [(salph)Al(THF)J[Co(CO)J vAere sa^h is N,N'-bis(3,5-dirtert- 
bul]dsa]ic}dideiie)- 1,2-phenylenediamino. 

Other catalysts for use herehi are the catafysts denoted herein as catalysts B, D, 
E^E^F,HandI 

Catalyst (B) has the formula: 
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where THF is tetrahydrofuran and is t-b\ityL The syntheas of Catatyst (B) is 
descnbed in Catulyst Makmg Example 2 Iieremafier. Catalyst (B) was very active but its 
synthesis as described in Catalyst Making Exan9)le 2, has been difficadt to replicate. An 
alternative route is die route to make catalyst (F) which is described in Background 
Exanqple 6 hereinafter. 

Catalyst (D) Iras the formula lNa]'*^[Co(CO) J". The synthesis of Catalyst (D) is 
described in Catalyst l^xaniple 3 hereinafter. 

Catalysts (E^ and (E^) have the formula: 



where THF is tetrahydro&i iin and *B\i is t-butyl and M is Al for Catafyst (E}) and M is 
Cr for Catalyst (E^). The synthesis of Catalyst (E}) is described m Catalyst Makmg 
Exan9)le 4 herdnafter. The synthesis of Catalyst (&) is described in Catalyst Making 
Example 5 heremafier. 

Catalyst (F) has the formula: 





^^^ere TflF means tetrahydiofiiran and *Bu is t-butyL The synthesis of catatyst (F) is 
described in Catalyst Making Exanq)le 6 heremafier. 
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Catalyst (H) has the fonziuh: 




where So is tetrahydrofiiraji and *Bu is t-butyl The synthesis of Catalyst (H) is described 
itt Catalyst Maldng Exaii5)le 7 hereinafter. 
Catalyst (J) has the fonnala: 



^ere So is tetrahydrofuran and Ph is phenyl Ihe synthesis of catalyst (J) is described 
in Catalyst Making Exanqile 8 h^ekafier. 

An exan^le of a catalyst where z is 2 is [(salen)M]^[Co(CO)432"" where salen is 
any tetracoordinate dianionic hgand synthesized from a diamme and two equivalents of a 
2-hydroxybenzaldehyde, which can be made from reaction of one equivalent of 
(salen)Sn^ with one equivalent of Co2(CO)8 and M is a naetal The (salen)Sn® is readily 
obtainable from [(Me3Si)2 N]2 Sn and (salen)H2 where (salen)H2 is the protonated form 
of the Hgand as shown in Kiichta, et al, ICS. Dahon Trans. 20, 3559 (1999). 

For the catalysts [Lewis acid]^{[QM(CO)J'^}y, other Lewis adds besides what 
are illustrated above and their synthesis, will be obvious to those skilled in the ait 

The mole ratio of confound (I) charged to catalyst charged, can range, fi)r 
^KBD^le, from 1:1 to 10,000:1 and preferably is 100:1 to 2,000:1 and the best ratio 



-CoCCO)4 
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envisioned is 1,000: L A mole ratio of 100: 1 was found to give the best conversions but 
approMmately 1,800:1 gives much better activity. 

We turn now to the solvent for the reaction. The reaction may be carried out 
neat, ie., without added solvent and w4iere the compound (I) is the reaction vehicle to 
reduce waste disposal requirements as well as to surqplify purification. If the reaction is 
not carded out neat, it may be carried out in diglyme, triglyme, dimethoxyethane 
(denoted DME h^einafierX or preferably in tetrahydrofiiran, or may be carried out in 
any solvent in v^ch catalyst, substrate and product are all soluble. 

In the case where the compound (I) is a monocyclic epoxide and a single 
carbonyl is introduced, the reaction product of interest is a P-lactone. The terminology 
""P-lactone" is because the lactone can be formed by dehydrative lactonization of a P- 
hydroxy add. In the case where the epoxide is bicydic, there is no common name such 
as P-lactone and lUPAC would name the product according to bicydic nomenclature. 
For example, the product of the carbonjtoion of c^doh^cene oxide would be called 7- 
oxa-bicyclo[4.2.0]octan-8-one. Tlie products of carbonylation of cyclooctene oxide and 
cyclododecene oxide are respectively called 9-oxa-bicyclo[6.2.0]decan-10-one and 13- 
oxa-bicyclo[10.2.0]tetradecan-14-one and are products made in carbonylation Examples 
XLI and XLII and are embodiments of the invention herein. 

In the case where the compound (I) is a monocyclic a2aridine and a smgle 
carbon}! is introduced, the reaction product of interest is a P-lactam 

In the case where the compound (I) is a monocyclic oxetane, the reaction 
product of interest is a Y-lactone. 

In the case where the con:q)Ound (I) is a monocycfic thiirane and a single carbonyl ^ 
is introduced, the reaction product of interest is a thiolactone. 

In the case where the compound (I) is a monocyclic lactone, flie reaction product 
of interest is a cyclic add anhydride. 

In the case ofthe confound (I) v^ereX is NRs^n is 1 andYisCiEIxanclthe 
compound (I) is monocyclic, ie., vdiere the conqpound (I) is a monocycfic azetidine, the 
reaction product of mterest is a v-lactam. 
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Iq the case of the compotmd (I) vAere X is NR5, n is 1 and Y is C=0 and the 
coaipoimd (I) is monocyclic, ie., where the compound (I) is a monocyclic P-lactami, the 
reaction product of interest is a 2,5-pyrrolidinedione, 

In the case where the compound (I) where X is S, n is 1 and Y is 0=0 and the 
compound is monocycUc, ie., where the con[]pound (I) is a monocyclic thioiactone^ the 
reaction product of mterest is a cycHc anhydrosulfide. 

In the case ofthe compound (I) where X is S,n is 1 and Y is CHj and the 
compound (I) is monocyclic, i.e., where the confound (I) is a monocyclic thietane, the 
reaction product of interest is Y-thiolactone. 

The yield of product of interest is determined from two conq>onents^ Le., the 
percent of conq>ound (I) consumed, and the percent selectivity which is product of 
interest as a percentage of all products^ and the percent conversion times percent 
selectivity gives yield percent The yield perceats obtained were related to catafyst and 
conqpound (I). For propylene oxide and i{-propylene oxide, catalyst (G) give percents 
conversion of 95% with selectivity greater than 99%. For propylene oxide, Catalyst (B) 
gives percent conversion of 99% and percent selectivity greater than 99%. 

The thneofreaction is a parameter af&ctmg percent yield. In general, times of 
reaction can range, for example, from IS mhmtes to 96 hours. The preferred time of 
reaction fi>r Catalyst (G) is one-half to 2 and one-half hours except where coirpound (I) 
was epichlorohydrin a time of 8-12 hours was more appropriate. 

We turn now to the case where n for (I) is 0 andn for (D) is 1, and epoxide or 
analog is doubly carbonylated arriving at the resultant anhydride without the necesaty of 
isolating the intermediate lactone or analog, thus providing a so-called "one pot" 
reaction. The reaction condition mainly affecting this is time of reaction. In other 
words, sufficient time is provided for a first carbonylation reaction to proceed to a finish 
whereupon sufficient fiuther time is provided for tiie second carbonylation to be 
effected. Also reaction ten^ierature, mole percent catalyst, catalyst used, substrate used 
and solvent, could influence conversion and selectivity. 

The p-lactone products can be converted to polymers with metal alkoxide 
catalysts. See Reith, L.R., et al, J. Am. Chem Soc. 2002, paper accq)ted for 
publication. See also Mufler, BL M., et aL, Angew. Chem. Jnt Ed. EngL 1993, 32, 477- 
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502 and re&reaces dted therein. See also the folloiving in respect to pol/meiizatioii of 
P-lactones: Kurcok, P., et al, Macromolecules 1992, 25, 2017-2020; Hon, Y., et al, 
Macromolecules 1993, 26, 5533-5534; Le Borgae, A, et al, Macromol Rapid 
Commm 1994, 15, 955-960; Lenz, K W., et al, Can. J. Microbiol 1995, 41, 274-281; 
Cheng, M., et al, J. Am. Chan. Soc. 1998, 120, 11018-11019; and Schechtman, L. A., 
et al, I Polym. Prepr. (Am. Chem. Soc, Div. Polym. Chem) 1999, 40(1), 508-509. 

The utility of the product from polymerization of /J-BBL, namely i?-PHB, is 
described above. Copolymers with lactones other than i?-BBL give the ability to 
mediate the properties of the resultant polymer, e.g., plasticity, barrier properties and 
rate of degradation. The lactones, particularly chiral lactones, are also usefiil as 
synthetic intermediates in organic chemistry (e.g., see Gellman, S. H., Cheia Res. 31, 
173 (1988); and Seebacb, D., et al, Chem. Commun. 2015 (1997) whidi refers to chiral 
lactones as aldol analogs. 

The lactam products can be converted to polymers with metal anion or metal 
amide catafysts. Hie polymers are called poly(lactam)s and have also been called poly- 
beta-peptides, and have been discussed in the litera:tare as '1>iomuiietic materials." See, 
for exan^le, Magriotis, P. A, Angew. Chem. Int. Ed. Engl 2001, Vol 40, 4377-4379. 

Products from polymerization of lactams, have utifity, for e7au]q)le, for drug 
delivery. The lactams themselves may be used in antibiotics. 

Hie thiolactone products (also called 4-a]kyl-thietan-2-ones) can be converted to 
polymers or copolymers. For exanq>le, a copolymier of BBL and 3-mercaptopropionate 
(the thiokctone from the caibonylation of ethylene sulfide) can be prepared; the 
copolym^ has modified properties from those of poly(P-hydroxybutyrate). 

The y-lactone and anhydride products for carbonylation of con]S)Ound (I) vsdiere 
n=l and analogs thereof have utility for the field of chemistry. 

We torn now to the second embodiment of the invention herein which is directed 
to a process for the carbonylation of a conq)ound having the formula: 
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said process comprismg the step of reacting cooipound pO) ivith caibon monoxide in 
the presence of a catatytically effective amount of catalyst having the general foxmnla 
[Lewis add]^{[QM(CO)J'^}^ \^/he^e Q is any ligand and need not be present, M is a 
transition metal selected jBrom the group consisting of transition metals of Gronps 4, 5, 6, 
7, 8, 9 and 10 of the periodic table of elements and z is the valence of the Lewis acid and 
ranges from 1 to 6, for example is 1 or 2, w is the charge of the metal carbonyl and 
ranges from 1 to 4 and is usually 1 and y is a mmiber such that w times y equals z and x 
is a number such as to provide a stable anionic metal carbonyl for {[QM(CO)J'^}y. The 
reaction is carried out at a carbon monoxide pressure rang^g from 100 to 10,000 psi, 
preferably from 75 to 1,200 psi and a temperature rangmg from 0°C to 120** C, 
preferably from 40 to 80°C, in the presence of catalyst in a mole ratio of the conqpound 
pO) to catalyst rangmg from 1:1 to 10,000:1, preferably from 100:1 to 2000:1, for 
exanq)le over a time period rangmg from 15 minutres to 96 hours. Tlie catalysts useful 
for the second embodiment are the same as those useful for the first embodiment The 
preferred catalyst for use in the second embodiment has been found to be Catalyst (CP). 
The product coioprises a mixture of the two isomeric oxazinones, namely 4-meth;^*2- 
phm^<-4,5-djhydro-[l,3] oxazm-d-one which has the formula: 




Ph 



and 5-methyl-2-phenyM,5-dihydro-[l,3] oxa2an-6-one which has the formula: 




Ph 
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Thus, the 'benzoyl saibstituent on the azaridine paitidpates in reairangemisnt to introduce 
the benzoyl into the ring of the product ^ere the oxygen of the benzoyl becomes a ring 
atom and the double bond of the carbpnyl of the benzoyl becomes part of the ring and 
the phenyl of the benzoyl is directly bonded to a ring carbon atom. 

We tmn now to the third embodiment of the invention herdn. Catafysts the same 
as catalyst (B), (E*), (F), (G), (H) and (J) but with different neutral two electron donor 
from THF can be prepared the same as the corresponding catalysts with TEIF by 
synthesizmg the catalyst by method comprismg adding source of different neutral two 
electron donor (e.g., diethyl ether, acetonitrile, carbon disulfide or pyridine) instead of 
THF for reaction of pLewis acid]-X and [QM(CO)J-Y in the general reaction described 
above. 

Hie following background Examples 1 and 2 illustrate the synthesis of coixpound^ 
(1) fer use in the Reaction Examples XXDI and XXIV, The following Catalyst Synthesis 
ExanQ)les 1-8 illustrate making of the catalysts used in Reaction Examples and synthesis 
ofcatalystsofthe third embodimmt herein. Catalyst (HQ used in Reaction £xanq)les 
was made as desoibed in Merola, IS., et aL, Lxorg. Cheat 28, 2950-2954 (1989). 
Catafyst (J) used in a Reaction Examples hereinafter was made as described in Evans;, 
W.J., et a], Inorg. Chem 24, 462(M623 (1985). 

The fonowmg working Exan:9)les I - XLEJ and associated tables, illustrate the 
methods herdn. 

Background Exatttplel 
Svntheas of 7-Benzvl-7-Azabicvclo[4.1.01heptane 
a) Synthesis of 2*BenzyIamino*cyclohexanoL To a solution of cyclohexene 
oxide (5 £^ 51 mmol) in 10 nil CE^CN, anhydrous LiC104y (5.44 g., 51 mmol) was 
added and stirred until complete dissohition of the salt occurred. The resulting solution 
was treated with the required amount of benzylamine (5.5 g, 51 mmol) at room 
temperature with stirring. The reaction mixture was then stkred for 24 h at room 
teiiq)erature. At the end of the reaction, 100 ml water was added and the solution stirred 
for 30 mm, extracted into diethyl ether (3 x 25) and finally crystallized firom hot hexanes. 
(5.0 g, 50% yield). 
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*HNMR(CDCL3, 300 MHz): 6 0.93-1.10 (IH, m), 1.18-1.33 (4H, m), 1.71 (2H, m), 
2.05 (IH, m), 2,15 (IH, m), 2.31 (IH, m), 3.20 (IH, m), 3.35 (111, br), 3.68 (IH, d, 7= 
12.9 Hz), 3.95 (IH, d, J= 13.0 Hz), 7.23-7.35 (5H, m). 

b) Cyclization of 2-BeiizylaiDino-cycloliexanoL Diethyl azodicarboxylate 
(Aldrich, 95 %, 3.6 ml, 22.6 mmol) was slowly added to an ether solution (50 ml) of 2- 
benzylammo-cyclohexanol (3.1 g, 15 mmol) and PPh^ (5.94 g, 22.6 mmol) xmder Nj, 
with stirring, in an ice-bath. After addition, the ice bath was removed, and the mixture 
stirred at room temperature for 36 h. The resulting crystalline precipitate was filtered 
and the solvent removed from the filtrate by rotary evaporation to yield the crude 
product, which was purified by column chromatography (petroleum ether:dietfayl ether 
50:50) (2.1 g, 75 %yieU). 

^HNMR(CDCl3, 300 MHz): 6 1.31 (4H. m), 1.63 (2H, m), 1.83 (4H, m), 3048 (2H, s), 
7.31 (5H,m). 

Background Exanq>le 2 
Svathesis of 2-MethvH-Tosvl-A g«riHnie 
2-Methylazaridine (3.6 nd, 51 mmol) was added to ia 10% aqueous KOH solution 
(30 ml) and cooled in an ice bath for 30 min. To this solution p-tohienesulfonyl chloride 
(9.9 g, 52 mmol) was added rapidly \^e maintammg the temperature below ^''C. The 
resulting mixture was stirred for 30 min at 0**C, then stirred at room tenqperature 
overnight. The white precipitate was washed multiple tunes "Mth cold water and dried 
under vacuum. The washed product was dissolved in hot petroleum ether and allowed 
to crystallize at O^'C, yielding colorless crystals (6.3 g, 57 % yield). 
'HNMR (CDCI3, 300 MHz): 6 1.26 (3H, d, 7= 6.0), 2.02 (IH, d, 7= 4,5 Hz), 2.44 
(3H, s), 2.58 (IH, d, J= 6.9 Hz), 2.82 (IH, m), 7.31 (2H, d, J- 8.1 Hz), 7.80 (2H, d, J 
-8.1 Hz). 

Catalyst S^thesis Example 1 
Synthesis of Catalyst (G) 
AH manipulations were performed with strict air-free techniques. All reagents 
and solvent were dried and degassed prior to use. Ia a drybox, N,N'-bis(3,S-di-/&r/- 
butylsalicylidene)-l,2-phmylraediamiae (1.38 g, 2.55 mmol) was placed m a Scblenk 
tube eqtuqpped whh a stir-bar and an air-free addition fiumel charged with diethyl 
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alumimim chloride (Aldrich, L8 M in toluene) (1.42 nd, 2.5 nnnol). Upon removal to 
fhe bench top» the ligand was dissolved in 20 ml of CHjClj, ^ving a pale orange 
solation. Dropwise addition of diefb}4 aluminum chloride solution at room tenqs^ature 
resulted in considerable evolution of gas, vAdcli was vented, and a yellowing of the 
solution. After rinsing of the addition funnel several times with CHsClj^ the solution was 
stiired for 8.5 hours during vsdiich a copious amount of yellow precq)itate formed. In 
vacuo solvent removal gave a yellow solid which was rinsed 3-4 times with hexanes (10- 
20 ml) and then puniped down. The Schlenk tube was brought mto a drybox where 
white powdery sodium cobalt tetracarbonyl (0.49 g, 2.53 mmol), stored at -35°C under 
nitrogen, was added. Upon removal to the bench and addition of tetrahydrofiiran (30 
ml) at room temperature, the solution immediately turned a deep red. The foil wrq)ped 
tube stiired &r two days and was concentrated to 5-10 ml, layered with hexanes (50 ml) 
and left to sit for a day. Significant amounts of yellow imd vAdte predpxtates as well as 
masses of X-ray quality red crystals formed. The red crystals were the desired product, 
Catafyst (G). The inq^uriries were eaafy washed away with repeated rinses of hexanes 
allowmg isolation of pure catalyst [(sal^h)AlCIHF)J[Co(CO)J, (G) (2.10 g, 93% yield). 
*HNMR(C«D^ 300 MHz) 6 9,53 (s, /^0-N), 8.35 (s, HAi\ 8.14 (s,i2Ar), 7.92 (s, 
HAi\ 7.50 (s, i£Ar), 7.16 (s, HCA), 3.23 (s, O-Cffj), 1.70 (8, ^6/^3)3), 1.46 (s, 
C(CH^%), 0.83 (s, OCH2C/Q, spectrum diown in FIG. 1. IR(KBr): 1885 cm"^ 
Crystal data: tricHnic, a = 12.0136(6) A, b - 13.2447(7) A, c = 15.2876(8) A, a - 
101.560(1)% p - 91.506(1)% Y = 90.295(1)% V = 2382.1(2) A^ space group P-1; Z - 
2, formula weight 880.91 for C4oHLwAlCoN204-2C4H«0 and denaty (calc.) = 1.228 g/ml; 
R(F) = 0.0553 and Rw(F) = 0.1474 (I>2a(I)). 

Catalvst Synthesis Example 2 
Synthesis of Catatvst (S) 
In a glovebox, a Schlenk tube was charged with 2.58 g (4.73 mmol) (R.R)-(-)- 
i\r,i^'-bis(3,5-dj-/£r^butylsahc{'Mddiyde>*l,2-c7d 0.615 g (5.01 mmol) 

of chromium (U) chloride (Strem, 99.9% anhydrous, used as received) and a tdlon^ 
coated magnetic stir-bar: THF was canulated in and the reaction was left stir for 6 hours 
at which pomt it was opened to the air and left to stir for 12 hours. The resultant cloudy 
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browa-red solution was rinsed into a separatoiy £umel wiQi 500 mi tertAmtyl mediyl 
ether, washed four times with 300 nil saturated annnonium chloride and four times with 
300 ml saturated sodium chloride. The solution was dried with sodium sulphate, 
rotovaped to a red solid and recrystallized from acetonitrile to give 1.33 g (43% yield) 
of large red diamond shaped crystals Conq>ouDd (C) which were characterized 
by IR and X-ray crystallography. Compomd (C) was determined to have the structure: 



In a glovebo:c, a Sdblenk tube was charged with 1.03 g (0.80 mmol). Compound . 
C, 0.32 g (1.65 mmol) NaCo(CO)4(Cataly5t(D)) and a teflon-coated magnetiic stir-bar. 
THF was canulated in, tlie tube was covered in foil and the solution was left to stir for 
three days at which time it was concentrated in vacuo, Hexanes were layered on top of 
the dark red solution and the solution was left to sit for six day, although crystals had 
began to form within a day. A flocculent yellowish-white precq)itate was separated from 
the large red blocks of crystals by repeated washing with h^canes. Isolation gave 1. 14 g 
(88% yield) of pnre Catalyst (B) which was characterized by IR. and X-ray 
crystallography. 



Catalyst (D) was syntheazed as described in Edgell, W. F., et aL, Liorg. Chem. 
1970, 9, 1932-1933. 




Catalyst Synthesis Example 3 
Synthesis of Catalyst (p) 
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Catalyst Synthesis Example 4 
Svntheas of Gatalvst (E^^ 
Syathesis of Catalyst (E^) differs from that of Catalyst Synthesis Exainple 1 in 
one aq)ect only; in this synthesis (R,B)-(-)-N,N'A)is{3,5-di'tertAmt^^ 
cyclohexanediamine was used instead of A^-bis(3,5-di-/^r/-butylsalicylaldehyde)-l,2- 
phenylenediamine. 

Catalyst Synthesis Example 5 
Synthesis of Catalyst (E^ 

111 a glovebox, a Schlenk tube was charged with 0.64 g (1.06 mmol) f3?,i?^-(-)- 
J\^,JV'-bis(3,5-di-te?*/-butylsafi<^laldehyde)-i;2-cyclohexanediai^ 
chloride (Aldrich), 0.21 g (L06 mmol) NaCo(CO)4 (Catalyst (D)) and a teflon-coated 
magnetic stir-bar. THF was canulated in, the tube was covered in foil and llie solution 
was left to stir for two days at y\Mch time it was concentrated//? voctio. He^canes were 
layered on top of the dark red solution and the solution was left to sit for sSx day, 
although crystals had hegan to form within a day. A flocculent yellowish-\\^e 
precipitate was separated from the large red blocks of crystals by repeated washing with 
hexanes. Isolation gave 0.S2 g (60% yield) of pure Catalyst (&) vMdi was 
characterized by IR and X-ray crystallography. 

Catalyst Synthesis Example 6 
Synthesis of Catalyst (Fi 

Jsi a glovebox, a Schlenk tube ysras charged with 0.28 g (0.5 1 mmol) 
bis(3,5-di-ter^butylsalicylaldehyde)-l,2-phenylenediamme, 0.21 g (5.18 mmol) sodium 
hydride and a teflon-coated magnetic stir-bar. THP was canulated in yvith considerable 
ebullition. The headspace was removed and the solution was stirred at 50°C for 22 
hours at which point the excess sodium hydride was filtered ofl^ using air-fi-ee technique, 
and the solution added to a Schlenk tube charged yvdth 0.07 g (0.55 mmol) chromium 
(n) chloride and a teflon-coated magnetic stir-bar. The headspace was removed and the 
solution heated at SO^'C for 6 hours at which point the dark brown solution was filtered, 
to remove any NaCl, mto a Schlenk tube diarged with 0.09 g (0.26 mmol) dicobalt 
octcaihonyl and a teflon-coated inagnetic stir-bar and stirred for 24 hours. The vohmoe 
of sohition was reduced in vacuo and hexanes layered on top. After two weeks the dark 
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red crystals were isolated canulating off the mother liquor and washing the remaining 
material with copious amounts of hexan^s resulting in the isolation of 0.26 g (70% yield) 
of Catalyst (F) vMdy was characterized by IR and X-ray crystallography. 

Catalyst Synthesis Example 7 
Svntheas of Catalyst fffi 

This catalyst was made essentially the same as Catalyst (G) (Catalyst Synthesis 
Example 1) excqpt that Ihe starting material was 4,5-dimethyl-[N,N'-bis(3,5-di-tert- 
bntylsalicylidenene)]- 1 ,2-phenylenediamine. 

Catalyst Sv ntliftRis Ryamplp. R 
Synthesis of Catalyst (Ti 

The catalyst was made essentially the same as Catalyst (E') (Catalyst Synthesis 
Exanqile 5), except that the starting material yvas (TPP) CrCl where TPP means 
tetraphenylpoiphyrin (TPP) CrCl is commercially available. 

Carbonvlation Reaction Examples T - yTTT 

Carbonylation reactions within the scope of the invention were canied out as 
follows for Exanqiles I-VI. A 100 ml Parr reactor was dried at PO^'C, under vacuum 
overnight In a drybox, it was cooled m a -35 °C freezer for at least 1.5 hours and 
equ^ped with a small test-tube and magnetic stir bar. Ihe test-tube yvas charged with 
0.500 ml of con5)ound (I) as described k Table 1 below, stored at -SS'^C, and catalyst 
as described hi Table 1 below and amoimt thereof as described m Table 2 below. Upon 
removal from the drybox, the reactor was pressurized to pressure as described in Table 2 
below, placed in a preheated oil bath and the reactor was stured at ten;)erature as set 
&rth in Table 2 for amoimt of time as indicated in Table 2 below. TVhen the mdicated 
time had passed, the reactor was cooled in a bath of dry ice/acetone until the pressure 
reached a minimum and then slowly vented. The crude mixture was subjected to NMR 
analysis. Trapping of vented gases indicates that only 2-5% of the material is lost. 
Vented gases contained the same ratios of con5)ounds (within 3-4%) that remained in 
the reactor. Resuks are set forth in Table 3 below. 

Reaction conditions for the carbonylation reaction of Example VII were as 
follows and also inchide the conditions set forth in Table 2 below for Example VII: 
Using a gas-tight syringe, dry and degassed diglyme (20 ml) and propylene oxide (10 ml. 
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143 mmol) were injected into a 100 ml Parr pressure reactor equ^ped Avith a ball valve 
and a septum and previously charged, in a glovebox, with Catalyst (B) (0. 13 g, 
0.08 mmol). The reactor was pressured up to 1020 psd with carbon monoxide and 
stirred via the attached impeler at 75'C for 21 homfs at which point it was cooled to 
3 ^^C in an ice hath and vented. 

Reaction conditions for the carbonylation reaction of Exan[q)le Vni were as 
follows and also included the conditions set forth in Table 2 below for Exaniple VHI: 
Using an air-free graduated cylinder, 20 ml (285 mmol) propylene oxide was canulated 
into the above mentioned Parr reactor charged as above with 0.25 g (0. 16 mmol) 
Catalyst (B). The reactor was pressured up to 810 psi with carbon monoxide and stirred 
at room tenq)erature (22 "^C) for 16 hours at which point it was cooled m an ice bath and 
vented. 

Reaction conditions for the carbonjiation reaction of Exanq)le IX were identical 
to those of Exanaple Vn except triglyme was used instead of diglyme and the scale was 
diflEfacent (7 ml triglyme, 3.5 ml (50 mmol) prop^iene oade, 0. 15 g (0.09 mmol) Catalyst 
(B)) with the additional differences as set forth in Table 2 below. 

Reaction conditions for the carbonylation reaction of £xanq>le X were identical 
to those of Exaii5)le Vm except for the use of 0.07 g (0.09 mmol) Catalyst OB) and 
except for the diSerences set forth in Table 2 below. 

Reaction conditions for the caibonylation reaction of Example XI were identical 
to those of Exanq)le VIII except for the use of 0.08 g (0. 10 mmol) Catalyst (E^) in place 
of Catalyst (B) and except for the diflBsarences set forth hi Table 2 below. 

Reaction conditions for the carbonylation reaction of Example XII were identical 
to those of Exan5)le VIEI except for the use of 5 ml (71 minol) propylene oxide and 
0.05 g (0.04 mmol) Catalyst (F) in place of Catalyst (B) and except for the differences 
set forth in Table 2 below. 

Results for Examples vn - Xn are set forth m Table 3 below. 

The carbonylation reaction for Example XHI was carried out as follows. A 100 
ml Pair reactor equipped with a mechanical stirrer was heated at SO^'C, under vacuum, 
ovemigjit. The reactor was charged with propylene o>dde and catatyst (D), (0. 15 M 
solution in tdglyme), in the diybox Upon removal from the diybox, the reactor was 
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pressured to 1,000 psi ^vith caibon monoxide and heated at SO'^C ivitfa sdning for 16 
hours. The catatyst was used in amount of 2 mole percent Co by weight of epoxide. 
After the 16 hours, the reactor was cooled in an ice bath until the pressure reached a 
miniumm and then slowly vented. The crude mixture was subjected to NMR analysis. 
Catalyst and compoimd (I) are set forth in Table 1 below. Reaction conditions are set 
forth m Table 2 below. The results for Example XIII are set forth in Table 3 below. 

The resulting P-lactone products were obtamed as crude mixtures. Purification 
to obtain purified P-lactone products is readily carried out by vacuum distillation, flash 
column chromatography or oth^ standard purification techniques. 
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Table 1 Ksting the catalyst and coiq)ound (0 for eadi of Examples I - XDI is set 
forth below: 

Table 1 



Example 


Catalyst 


Compound (1) 


I 


G 


R-propylene oxide 


n 


G 


propylene oxide 


in 


G 


l-bxiteae oxide 


IV 


G 


epidblorohydiin 


V 


G 


isobutylene oxide 


VI 


G 


2,3-epoxybutane 


vn 


B 


propylene oxide 


vm 


B 


propylene oxide 


K 


B 


propylene oxide 


X 


E' 


propylene oxide 


XI 


E> 


propylene oxide 


xn 


F 


propylene oxide 


xm 


D 


propylene oxide 



Table 2 Ksting for the reaction conditions for each of Examples I-XDI, is set 
forth bdow: 

Table 2 

Compound 00 charged/ 







Pco 


T 




catalyst cbaiged (Co basis] 


Example 


limeHi') 






Solvit 


(tnnle ratio't 


I 


1 


880 


50 


neat 


100:1 


n 


1 


880 


50 


neat 


100:1 


m 


2.5 


880 


50 . 


neat 


100:1 


IV 


9.5 


880 


50 


neat 


100:1 


V 


1 


880 


50 


neat 


100:1 


VI 


7.5 


880 


75 


neat 


50:1 


vn 


21 


1020 


75 


diglymfi 


1800:1 


vm 


16 


810 


22 


neat 


1800:1 


IX 


12 


870 


75 


triglyme 


525:1 


X 


96 


960 


75 


neat 


3300:1 


XI 


95 


940 


75 


neat 


2900:1 


xn 


4 


900 


80 


neat 


1800:1 


xm 


16 


1000 


80 


triglyme 


50:1 
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Co basis was used in defining Co2XQ)Ound (I) charged/catalyst charged mole ratio 
because all the catalysts have tlie common feature of Co(CO)4 anion so this provides 
standardization. 

Table 3 presenting results l^ir Examples I-XDI is set forth below where percent 
conversion and percent selectivity are as described previous3y and TON means turnover 
number and is moles compound (1) consumed divided by moles catalyst charged. 

Table 3 





Cotivemoa 


Selectivity. 




BxsaaplQ 


(%) 


(%) 




I 


95 


>99 


95 


n 


95 


>99 


95 


m 


99 


>99 


99 


IV 


73 


>99 


73 


V 


83 


>99 


83 


VI 


80 


70 


40 


vn 


72 


>95 


1300 


vni 


40 


>99 


730 


K 


90 


>99 


460 


X 


69 


80 


2200 


XI 


52 


85 


1500 


xn 


86 


96 


1600 


xm 


52 


12 


2 



In Exa]iq)le I, the product was R-BBL. 

In Exan^le XDI, 6% acetone and 40% polymer were also produced. 
CaAonvlation Reaction Ryaniples XIV - XXI 

The caibonylation reactions of these exan5)les were carried out in the presence 
of S mole % catalyst G (0.2Mn DME) under a carbon monoxide pressure of 900 psL In 
each case die coxiq)ound (I) was present in amount of 1.92 mmoL The Exan^le nurnber, 
confound (I), temperature of reaction, time of reaction, product and yield obtamed, are 
fisted in Table 4 below: 
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Example 


Substrate 

(0 


Temp 


Tmie, 
00 


Pto'diicts 


ridd% 


XIV 




60 


4 


Vi 


95 


XV 

XVI 




60 
60 


4 
4 




95 
99 


xvn 




60 


4 




90 


xvra 

XK 
XX 
XXI 


\ 


60 
50 
60 
60 


5 
3 

10 
10 




60 
90 
99 
75 



The yields were determined by *H NMR spectroscopy. The enantiomeric excess for 
Example XV was greater than 99% (R)-P-butyrolactone. The results for Exanqples 
XIV, XV, XVI, xvn, XVin, XX md XXI were 100% regiosdective, that is the 
insertion occuired at the less substituted carbon. In the cases of Examples XDC, 
insertion at the more substituted carbon is also present and the two products are shown. 
In Table 4, the componnd (I) for Example XIV is propylene oxide, the compomid (I) for 
Exan^le XV is (Rypropjloie oxide, the confound (I) for ^cample XVI is 1,2- 
epoxybutane, the compound (I) for Example XVH is l,2-epoxy-5-hexene, the conaponnd 
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(I) for Example XVm is epichlorohydrin, the conipoiuid (I) for Exan^le XDC is 
isobutyleae oxide, tte compound (I) for Example XX is cfe-2,3-epo7cybutane and the 
compound Q) for Example XXI is />'a/2;-2,3-epoxybiitane. 

Carbonvlation Examples XXII-XXV 
The carbonylation reactions of these examples were carried out in the presence 
of 5 mole % catalyst (G) and for each substrate also with catalyst (H) (0.2M in DME) 
under a carbon monoxide pressure of 900 psL In each case the compoimd (1) was 
present m amount of 1.92 mmoL The exan5)le number, conq)Ound (I), temperature of 
reaction^ time of reaction, product and yield obtained, aie listed in Table S below: 

Tables 



Substrate Tefnp Time, 







Catalyst 




(h) 


XXQ 




0 


60 


6 






H 


60 


6 


xxm 


9 


0 


80 


18 






H 


80 


18 



Products 



rteid 
% 




90 
50 



SO 
<5 



XXIV G 90 6 . II 35 

H 90 6 99 




XXV "^T G 605 \*'*' > ^5 



The yields were determined by H NMR spectroscopy. The results for Examples XXII, 
XXni and XXIV were 100% regioselective. In the case of Example XXV, msertion at 
the more substituted carbon is also present and the two products are shown in Table 5. 
In Table 5, Ph is phenyl, Ts is tosyl and TBSO is /er/-butyldhnethylsilyloxy. The 
compound (I) for Exairq)le XXH is l-'benzyi-2-methyl aziridine, for Example XXm is 7- 
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beiizyl-7-azabicyclo[4. l.OJheptane, for Example XXIV is l-tosyt2-]nethyla2aridine and 
for Exaiiq>le XXV is c7i5-l-beD2yl-2-(r^r^-butyldimet]iyM 

Carboaylation Exaiiiple XXVI 
Oxetane was carbonylated in the presence of 1 mole % catalyst (E^) under a 
carbon monoxide pressure of 880 psi, neat, for 1.5 hours at 50** C. The product of 
interest was 




Tlie percent converaon was about 30% (inchides product of interest and other 
products). 

Carbonvlation Example XXVn - XXXVn 
These exanq)les involve carbonylation of P-lactones according to fhe follo^wg 
reaction equation: _ _ 




The starting materials, reaction conditions and results are given in Table 6 below. In 
respect to the starting materials, in each case Ri and are H. 
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Table6 









Catalyst and 
Us amount 


Solvent 


Time 
(h) 


Temp. 
(X) 


Conversion 
% 


xxvn 


H 


Me 


E\l% 


DME 


5 


80 


35 


XKVffl 


H 


Me 


B*,2% 


DMB 


5 


80 


65 


XXK 


H 


Me 




DME 


5 


80 


60 


XXX 


H 


Me 


ff,5% 


DMB 


14 


80 


>90 


XXXI 


H 


Me 


EM% 




8 


80 


80 


XiDOI 


H 


Me 


B\l% 




24 


80 


84 


xxxm 


H 


Me 


C?,2% 


DME 


20 


50 


85 


XXXIV 


H 


Et 


G^,5% 


DME 


■ 10 


80 


70 


XXXV 


H 


CCI3 


G\5% 


DMB 


24 


75 




XXXVI 


Me 


H 


G\5% 


DME 


5 


80 


95 


xxxvn 


Ph 


H 


ff,5% 


DMB 


10 


80 


80 



In the above table. Me is methyl, £t is ethyl, Ph is phenyl and DME is dimethoxyethaae. 

Carbonvlation Example XXXVDI 

The compound (I) was benzyl glycidyl ether. The ben254 glycidyl ether was 
carbonylated in the presence of I mole % catalyst (H), neat, under a carbon monoxide 
pressure of 800 psi for 1 5 hours at 5 0"" C. * 

Carbonvlation Example XXXIX. XL and XLI 

For Example XXXDC, the con5)ound (I) was 1-buteneoxide. For Example XL 
the compound (I) was 1-heptene oxide. For Example XLI, the coirpound (I) was 
cyclooctene oxide. Bi each case the compound (I) was carbonylated in the presence of 
0.4 mole % catalyst (J), neat, under- a carbon monoxide pressure of 1,000 psi for 20 
hours at 60*'C. The product of Carbonylation Exanople XLI was 9-oxa- 
bicyclo[6.2.0]decan<- lO-one and has the structure: 
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CaTbonvlation Example XLII 
Hie coiopound (I) was (^clododecene oTdde. The cyclododecene oxide was 
caibonylated in the presence of 1.67 mole % catalyst (G), neat, imder a carboa 
monoxide pressure of 1400 psi for 6 hours at 5D**C. The product was 13-oxa- 
bicyclo[10.2.0]tetradecan-14-one and has the structure: 




Carbonvlation Example XLIU 
The compound (I) was: 



Oy.Ph 



The compound (I) was caibonjiated ia the presence of 5 mole % catalyst (C), in 
dimedioxyethane und^ a carbon monoxide pressure of 900 pd for 4 hours at SO^C. Hie 
reaction product was a mixture of the two isomeric oxaanones: 





4-Methyl-2-phenyl-4^-dihydro- 5-Methyl-2-phenyl-4^-dihydro- 
ri3]oxazin-6-one [l^loxazan-6-one 

70 30 
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Variatipns 

Many variations vnH be obvious to those skilled in the art. Thus, the scope of the 
invention is defined by the claims. 
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WHAT IS CL ATMT7r> t^q- 

1. A process for the carbonylation of a compound having the formula: 




where R„ R^, Rg and R4 are selected from the group consisting of hydrogen, 
Ci--Cioo,oo<r*lfcyt ^t'CiQojiioo'Bikwyl and C^i^jxo-aryly vAiere the alkyl, alkenyl and aiyl 
are optionally substituted Vkdth halogen or benzyl ether, and alkylaryl, ester, ketone, 
alcohol, add, aldehyde, amide and tosji containing from 1 to 20 caxbon atom, and 
benzyl ether, alkyl substitoted silyl ether \s^ere the ether group is Cj-Q alkylene and 
alkyl substitution consists of one to three C^-Q dSkyl(s) substituted on sifyl, and any 
other fimctionality that the catalyst referred to below is tolerant oj^ and ^ere and R4 
can join to form a ring, and X is selected from the group consisting of O, S and IfB^ 
v^ete R5 is selected from the group consisting of hj^drogen, C,-O|oo,oo(r&lk^ ^-^10^000" 
alkenyl and C^Cioo,oo(r^i7l where the alkyl, alken;)i and aryl are optionally substituted 
with halogen or benzyl ether, and alkylaryl, ester, ketone, alcohol, acid, aldehyde, amide 
and to^l containing from 1 to 20 carbon atoms, and bai2yl ether, alkyl substituted silyl 
ether where the ether gioup is Ci-Q-alkylene and where the alkyl substitution consists of 
one to three Cj-Cg alkyl(s) substituted on silyl, and any other fiijictionality that the 
catalyst referred to below is tolerant of and does not cause rearrangement, and where n 
is 0 or 1, and Y is C=0 or CHj, said process comprising the step of reacting compound 
(I) with carbon monoxide in the presence of a catalytically effective amount of catatyst 
having the general formula [Lewis acid]^{[QM(CO)J'^}y where Q is any ligand and 
need not be present, M is a transition metal selected from the group consisting of Groups 
4, S, 6, 7, 8, 9 and 1 0 of the periodic table of elements, z is die valence of the Lewis add 
and ranges from 1 to 6, w is the charge of the metal caibonyl and ranges from 1 to 4 and 
y is a nuniber such that w times y equals z, and x is a number such as to provide a stable 
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amonic metal carbonyl for ([QM(CO)J^}y, to form a product having the structural 
formula: 



where R„ R^, R3 and R4 and X correspond to K^, R3, R4 and X in (I) including and 
R4 forming a ring if that is the case for (I); and in the case where n for (I) is 0, n for (J£) 
is 0 or 1, and m the case where n for (I) is 1, n for (II) is 1; said catalyst exchiding 
catalyst formed fiom the combination of a cobalt source and a hydroxy substituted 
pyridine. 

2. The process ofClaiml where n for (I) is 0 so that the stmctural formula for . 
(X) becomes: 




and the product has the structural formula: 





B2 R3 



(IV) or 




X 



(U) where 



R2 R3 
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nis 1 andYisCK). 

3. The process of Claim 2 where the catalyst is [(sdph)AI(THF)J[Co(C6)J 
where THF is tetrahydiofiiraii and which has the structural formula: 




where So is tetiahydrofiu an and *Bu is t-butyL 

4. The process of Claim 3 vAieicia the reaction is carried out at a carbon 
monoxide pressure ranging firom 100 to 10,000 psi and a temperature ranging firom O'' to 
120 °C in the presence of catalyst in a mole ratio of oompoxaid (ID) to catalyst (cobalt 
basis) rangmg from 1: 1 to 10,000: 1. 

5. The process of Claim 4 where X for (Id) is O. 

6. The process of Claun 4 vAi&o the corcpound (HI) is propjdme oxide. 

7. The process of Claim 4 where the con^^ound (HI) is (/2)-propylene oxide and 
the product is (R)-p-4)utyrolactone. 

8. The process of Claim 7 where the reaction is carried oizt at a pressure 
ranging from 8S0 to 900 psi and a temperature rang^g from 0 to 120*'C» over a time 
period rangmg from 0.7S to LS hours. 

9. The process of Claim 4 where tixe conQ)omid (US) is 1-butene oxide. 

10. The process of Claim 4 vAere the compound (m) is epichlorohydrin. 

1 1. The process of Claim 4 where the conq)oimd (HI) is isobutylene oxide. 

12. The process of Claim 4 where the compound (EI) is 2,3-epoxybutane. 

13. The process of Claim 4 where X is "NR^. 

14. The process of Claim 13 where the conqpound (HI) is l-ben2yl-2-methyl 
azaridine. 

15. The process of Claim 13 where the componnd (HI) is l-tosyl-2- 
methylaziridine. 
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16. The process of Claim 13 where tbe compoirad (III) is cj.s-l-beii234-2-(/er^- 
butyldime11iylsfloxymethyl)-3-raethyl aziridine. 

17. The process of Claim 2 where the catalyst is 




vAi^ %u is t-butyl and So is tetrahydrofiiraa 

18. The process of Claim 17 where the reactioa is carried out at a carbon 
monoxide pressure rangmg from 100 to 10,000 pa and a temperature rangmg from O^'C 
to 120**C in the presence of catalyst in a mole ratio of compomid (III) to catatyst (cobalt 
bads raning from 1:1 to 10,000:1. 

19. The process ofClaim 18 ^s^ereXfofOH) is O- 

20. The process ofClaim 19 wdiere the conqjoimd (HI) is benzyl glyd^ 

21. The process of Claim 2 where the catalyst is 




\^Aere So is tetrahydrofuran and Ph is phenyl 

22. The process of Claim 21 where the reaction is carried out at a carbon 
monoxide pressure rangmg ftom 100 to 10,000 psi and a temperature ran^g from OX 
to 120'C m the presence of catalyst m a mole ratio of compound (HI) to catalyst (cobalt 
basis) rangjng from 1:1 to 10,000:1. 

23. The process of Clann 22 where X for (UI) is O. 

24. The process of Claim 23 where the compound (HI) is l-butene oxide. 

25. The process of Claim 23 vJh&re the confound (HI) is 1-heptene oxide. 
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The process of Claim 23 where the contpoimd (Hr) is cyclooctene oxide. 
The process of Claim 2 where the catalyst has the structure 

where M is a metal such that (VI) is stable. 

28. The process ofChim 27 where the catalyst has the stnicture (VI) where M 

is tit janiom with a va leiice of three. 

29. The process of Claim 28 w^ere the reaction is carried out at a carbon 
monoxide pressure 3 anging j&om 100 to 10,000 pd and a ten^erature ranging from O^'C 
to 120^0 in the pres^ence of a catalyst in a mole ratio of confound (ID) to catafyst 
(cobalt basis) ranging from 1:1 to 10,000:1. 

30. The process of Claim 29 where X for the conq^ound (IH) is O. 

3 1 . The prcacess of Claim 30 where the compound (JO) is propylene oxide. 

32. The process of Claim 3 1 v\diere the conq^ound (DI) is i?-propylene oxide. 

33. The process of Claim 30 vAere the compound (TO) is 1,2-epoxybutane. 

34. The proi>ess of Claim 30 where the compound (DI) is l,2-epoxy-5-he>cene. 

35. The process of Claim 30 vAxQit the compound (JO) is epichlorohydrin. 

36. The process of Claim 30 where the con5)ound (JO) is isobutylene oxide. 

37. The process of Claim 30 where the concpound (JO) is cis-2,3-epoxybutane. 

38. The process of Claim 30 where the confound (HI) is trans-2,3- 
epoxybutane. 

39. The process of Claim 29 where X for the conq)ound (HI) is NR5. 

40. The process of Claim 39 where the conq)ound (JO) is l-benzyl-2-methyl 
aziridine. 

41. Ihe process of Claim 39 where the conq>ound (JO) is 7-ben2yl-7- 
azabiqrclo[4. 1 .OJheptane. 

42. Hie process of Claim 39 where the compound (JO) is l-tosyl-2- 
methylaaridine. 



26. 
27. 
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43. The process of Claim 39 where the coBopouad (ID) is cis-l-beiiz34-2-(/er/- 
bxitylmethyMyloxymethyl)-3-methylaziri<to 

44. The process of Claim 1 where n for (I) is 1 and Y is C=0 or CHj. 

45. Hie process of Claim 44 where the catalyst has the structure 




(vn) 



where THF is tetrahydrofiiran and *Bu is t-butyl and M is AL 

46. The process of Claim 45 v^ere the reaction is canied out at a carbon 
monoxide pressure rangmg from 100 to 10,000 psi and a teniperatore ranging from O^^C 
to 120'*C in the presence of a catalyst in a mole ratio of conqioimd (I) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

47. The process of Claim 46 where the compound (I) is oxetane. 

48. The process of Claim 46 where Y is C=0 and and R3 for the conqioimd 
(OarebothH 

49. The process of Claim 48 where R4 for the C0115) omid (I) is H 

50. The process of Claim 49 where for the compound (I) is Me. 

5 1 . The process of Claim 44 where the catalyst has the structure 




Co(CO)4 I Cvi) 



where M is titanium widi a valence of three. 

52. The process of Claim 5 1 Tv^iere the reaction is carded out at a carbon 
mono>dde pressure ranging from 100 to 10,000 psi and a ten^erature ranging from O'^C 



r 
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to IZO'^C in the presence of a catalyst in a mole ratio of conopound (I) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

53. The process ofClaim 52 where Y is 0=0. 

54. The process of Claim 53 where R„ R3 and R4 for the conq)ound (I) are H. 

55. The process of Claim 54 where for the compoxmd (I) is Me. 

56. The process of Claim 54 where for the confound (I) is Et 

57. The process of Claim 54 where for the compound (I) is CCI3. 

58. The process of Claim 52 where Rj, R^ and R4 for the confound (I) are HL 

59. The process of Claim 58 vAieie R3 for the compoxaxd (I) is Me. 

60. The process of Claim 58 vAistt R3 for the confound (I) is Ph. 

61. Hxe process of Claim 44 vdiere the catalyst has the structure 



where M is samarium with a valence of three. 

62. Tlie process of Claim 6 1 vAyetQ the reaction is carded out at a carbon 



basis) ranging from 1: 1 to 10,000: 1. 

63. The process of Claim 62 where Y is C=0 and Rj, Rg and R4 for the 
compound (I) are H and Rq for the compound (I) is Me. 

64. The process of Claim 1 where in the [Lewis addf * portion of the catalyst a 
neutral two electron donor is present and fills the coordination valence of the cationic 
Lewis add. 

65. Hie process of Clahn 64 where the [Lewis add]^ portion of the catalyst 
contains an aluminum or chromium center. 

66. Hie process Claim 65 where the neutral ttvo electron donor is 
tetraliydrofium 




monoxide pressure rangmg from 100 to 10,000 psi and a tencperature ranging from 0**C 
to 120°C in the presence of a catalyst in a mole ratio of compound (I) to catalyst (cobalt 
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67. Hie process of Claim 1 ^ere the catalyst has fhe stnicture 



V'^ Co(CO)4- (VD 




where M is a metal such that (VI) is stable. 

68. The process of Claim 67 where the reaction is carried out at a carbon 
monoxide pressure rangiag ftom 100 to 10,000 pa and a tenq)erature ranging from O^'C 
to 120''C in the presence of a catalyst in a mole ratio of compound (I) to catalyst (cobalt 
basis) rangmg from 1: 1 to 10,000: 1. 

69. A process for the carbonylation of a compound havmg the fomooila 



O^Ph 

^ (XI) 



-v^ere Ph is phenyl, said process conq}rising fhe step of reacting conqiound (XI) widi 
caibon monoxide in fhe presence of a catalytica% effective amount of catalyst Imving 
the general formula (Lewds acid]^{[QM(CO)J'^}y where Q is any ligand and need not 
be present, M is a tran^on metal selected from the group consisting of Groups 4, 5, 6, 
7, 8, 9 and ID of the periodic table of elem^ts, z is die valence of &e Lewis acid and 
ranges from 1 to 6, w is the charge of the metal carbonyl and ranges from 1 to 4 and y is 
a nmnber such that w times y equals z, and x is a number such as to provide a stable 
anionic metal carbonyl for {[QM(CO)J'^}^ to form a product which comprises a 
mixture of 




and 
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70. A rompomd having Ibe structural fonm^ 




where *Bu is t-bntyl and So is a neutral two electron donor. 

71. The compound of Claim 70 where the neutral two electron donor is 
tetrahydrofiiran. 

72. A conqiotUKd having the structural formula: 




cm) 



\^ere the *Bu is t-butyl and So is a neutral two electron donor. 

73 . The compound of Claim 72 vsdiere the neutral two electron donor is 
tetrahydrofiiran. 
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74. A cojoq^omd having the stmcturd fonmila: 




(K) 



where 'Bu is t-butyl and So is a neutral two electron donor. 

75. The contpound of Claim 74 y/kere the neutral two electron donor is 
tetrahydrofixran. 

76. A conipound having the structure: 




■ 



(vn) 



where THF is tetrahydrofiiran and ^u is t-butyL 

77. The conopound of Claim 76 where M is AL 

78. The compound of Claim 76 where M is Cr. 
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79. A con5)ound having the structure: 




where is t-butyl and So is a neutral two electron donor. 

80. The compound of Clain 79 whei-e the neutral two electron donor is 
tetrahydrofuran. 

81. A confound having the structure: 




where Ph is phenyl and So is a neutral two electron donor. 

82. The compound of Gahn 81 where the neutral two electron donor is 
tetrahyrofuran. 

83. 9-Oxa-bicyclo[6.2.0]decan-10-one. 

84. 13-Oxa-bicyclo[10.2.0]tetradecan- 14-one. 

85. The process of Claim 1 where the [Lewis add]**^ portion of the catalyst does 
not contain a neutral two electron donor. 



wo 03/050154 PCT/OS02/36140 

1/1 




FIG. 1 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
Imemaiional Bureau 

(43) International Publication Date 
19 June 2003(19.06.2003) 




PCT 



liiniiiiiiiiiiiiiiiiiiiiiiu^ 

(10) International Publication Number 

WO 03/050154 A3 



(51) iDternatiotial Patent Classification'': C07D 203/00, 
203/04, 205/00, 331/02. 303/00. 407/00, C07F 5/06 

(21) Intematiooal Application Number: PCT/US02/36140 

(22) iDtemational Filing Date: 2 December 2002 (02. 12.2002) 
(25) Filing Language: English 
(2Q Publication Language: English 



(30) Priority Data: 
60/336,170 



6 December 2001 (06.12.2001) US 



(71) Applicant: CORNELL RESEARCH FOUNDATION, 
INC. [USAJS]; Suite 105, 20 lliomwood Drive, Ithaca. NY 
14850 (US). 

(72) Inventors: COATES, Geoffrey, W.; 13 Beckett Way, 
Ithaca, NY 14850 (US). GETZLER, Vutan, D., Y., L.; 
206 Cleaveland Avenue, Ithaca, NY 14850 (US). WOL- 
CZANSKI, Peter; 5 Woodland Road, Ithaca, NY 14850 
(US). MAHADCVAN» Vlswanath; 5 Mineah Road. Apt. 
l.fteeville,NY13086(US). 

(74) Agent: SPECTOR,Eric,S.; Jones, TullarA Cooper, P.C., 
P.O. Box 2266 Eads Station. Arlington. VA 22202 (US). 



(81) Designated States (national): AE, AO. AL. AM, AT, AU, 
AZ, BA. BB. BG. BR, BY, BZ, CA. CH. CN. CO. CR, CU, 
CZ. DE, DK. DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH. 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG. KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV. MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, CM, PH. PL, PT, RO, RU, SD. SE, SG, 
SK, SL. TJ, ™. TN. TR, TT. TZ. UA, UG, UZ, VC, VN, 
YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH. GM, 
KE, LS, MW. MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM. AZ, BY, KG. KZ, MD, RU, TJ, TM). 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE; 
ES, Fl FR, GB. GR, IE, FT, LU, MC, NL, PT. SE, SI, SK, 
TR), OAPI patent (BF, BJ. CF, CG. CI, CM. OA, GN, GQ. 
GW, ML, MR, NE, SN, TD. TG). 

Published: 

— with international search report 

(88) Date of publicatioo of the international search report: 

20 November 2003 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations'* appearing at the begin' 
ning of each regular issue of the PCT Gazette. 



in 



O (54) Title: CATALYTIC CARBONYLATION OF THREE AND FOUR MEMBERED HETEROCYCLES 

o 

(57) Abstract: Epoxides, azhidines. thiiranes, oxetanes. lactones, lactams and analogous compounds are reacted with carbon 
2 monoxide in the presence of a catalytically effective amount of catalyst having the general fomula [Lewis acidp*J [QM(CO)J* }y 

where Q is any ligand and need not be present, M is a transition metal selected fix)m the group consisting of Groups (4, 5, 6, 7, 8, 9) 
Q and (10) of the periodic table of elements, z is the valence of the Lewis acid and ranges from (1) to (6), w is the charge of the metal 
^ caibonyl and ranges firom (1) to (4) and y is a number such that w times y equals z, and x is a number such as to provide a stable 
^ anionic metal carbonyl for {[QM(COX]^*)y and ranges from (1) to (9) and typically from (1) to (4). 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCTAJS02/36140 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC(7) : C07D 203/00. 203/04. 205/00, 331/02. 303/00. 407/00; C07F 5/06 
US CL : 548/950, 952, 953. 954, 955; 549/88. 90, 510, 512; 556/27. 57. 176, 182 

According to International Patent Classification (IPQ or to both national classification and IPC 



B. 



FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 548/950, 952, 953, 954. 955; 549/88. 90, 510. 512; 556/27. 57. 176, 182 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 
NONE 



Electronic data base consulted during die international search (name of data base and, v^ere practicable, search tenns use^ 
CAS ONLINE, EAST BRS 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ' 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



Y 
Y 



US 5.493,017 A (THERIEN et al.) 20 Febniaiy 1996(20.02.1996), cohram 4 lines 30+. 
cohmm 5 lines 1-170 and cohimn 6 Imes 1-60. 

US 5,756,723 A (THERIEN et al.) 26 May 1998(26.05.1998) column 2, lines 1-65. 

Database Caphis, Accession Number 138:106223, Skoda-Poldes, R. et al.. Synthetic 
{plications of palladium catalyzed carbonylation of organic halides. Coixent Organic 
Chemistry. 2002, Vol. 6. No. 12. 1097-1119, see entire document 



70-85 
70-a5 
1-69 



□ 



FUrtiier documents are listed in the continuation of Box C. 



□ 



See patent family annex. 



special Mt^gorici of efted 

docanKoC defining (be gCBcnl itue of the an 
of pQitkuUr lelevaace 

eaiUer application or paicm published oo or after die inSemaUoDal filing date 

documeot wfaicbinqr ifazQW doubts oaprioii^ elaim(i) or whkhia cUedto 
cstablisii the publication dale of another cbatioa or other ipedal reason (as 



*0" docomeot lefening to an oral discksuio, ose, ejdiibiUon or odttr means 

•p" docmnsnl pubUsbed prior to the iDtezoatioiuI fntng dale hat later than die 
prioit^ date clahned 



later document published after the intematiooal filfng date or priority 
date and not hi conflict with the ai^lication but died to tmdeistaxKl the 
principle or ttieoiy underfying the bxveittiaii 

document of particular relevance; die clahnedfaweodflo cannot be 
considered novel or cannot be considered to fanralve an bweotive txtg 
when the document is taken alooc 

document of particular relevance; the claimed inventhai cannot be 
considered to involve an inventive 8iq> when the docmneat is 
gnmhined with tme or more other meh dntamfenf , aoA tumMfm/On^ 
beu^ obvious to a person skilled in the an 

ilwe iiiii«it memher Ihe —me patent ftnrf^ 



Date of tiie actual conqtletion of the international search 
08 Angust2003 (08.08.2003^ 



Name and mailing address of the ISAAJS 
Mail SUtp PCX, Attn: ISA/IXS 
Comnusfiioner for Patents 
P.O. Box 14S0 

Alexandria, Virginia 22313-1450 
Facsimile No. (703)305-3230 



Date of mailing of the intemational search report 

- 22 AUG 2001 




Telephone No. (703)308-0196 



FomPCr/ISA/210 (second sheet) (July 1998) 



